Conditions suitable for in vitro reconstitution of the CAM strain of TRV have been defined, and various steps of rod morphogenesis have been studied.
INTRODUCTION
The first virus to be reconstituted in vitro from its isolated RNA and protein was tobacco mosaic virus (Fraenkel-Conrat & Williams, 1955) . Since then, another helically constructed virus, barley stripe mosaic virus, has been successfully reconstituted (Atabekov et al. 197o) . However, early attempts in reconstituting the similarly constructed tobacco rattle virus (TRV) gave rise only to very short particles (Offord, I966) . In I969, Semancik & Reynolds reported complete reconstitution of the C isolate of TRY, but until now, no confirmation of this work has been published by other authors.
We initially tried to reconstitute the CAM strain of TRV as described by Semancik & Reynolds 0969), but failure of repeated attempts led us to reinvestigate the conditions of reconstitution which would permit us to obtain with our strain, particles identical to those contained in the initial virus suspension. A further purpose of this study was to analyse in more detail the various steps of in vitro morphogenesis of the virus particles, in order to assign to the various aggregates formed by TRV protein (Fritsch et al. I973) their actual role in the initiation and elongation processes of TRV morphogenesis. The present paper describes the results of this systematic investigation.
METHODS

Preparation of TRV.
The original isolate of TRV CAM strain was kindly supplied by Dr B.D. Harrison. It is characterized by two populations of particles, with lengths of 5oo and 2o00 A, and sedimentation coefficients of I5o and 280 S, respectively.
TRV was propagated in the systemic host Nicotiana clevelandii Gray at I8 °C. Infected * On leave of the Centre National de la Recherche Scientifique du Liban.
leaves were harvested Io days after infection, and the virus was purified as described by S/inger (I968). The yields of purified virus ranged from 2o0 to 3oo mg/kg of fresh leaves. The concentration of virus suspensions was determined spectrophotometrically, using E °a~;' ' 26o lcm : 3.2. The spectrophotometric ratio R = E26o/Ez8 o was 1.2o. Fractionation ofTR V. Long and short particles of TRV were separated by zonal sedimentation on a ~o to 4o % linear sucrose gradient in pH 7"o, o.I M-citrate-NaOH buffer; 75 to IOO mg samples of virus were usually separated by centrifuging at 36ooo rev/min for 70 min in the Beckman Ti-14 zonal rotor. The fractions collected were concentrated by a high-speed sedimentation at 16oooog for I2O min. The purity of both types of particles was checked by electron microscopy and by analytical sedimentation.
Preparation of TRV-RNA and TRV protein.
TRV-RNA was prepared by the phenol method (Gierer & Schramm, i956 ) in the presence of bentonite. The concentration of RNA solutions was estimated by spectrophotometry taking E%~o ~, lore = 24.4. Virus protein was extracted from purified virus suspensions by 66 ~ acetic acid (FraenkelConrat, I957) and concentrated by precipitation with (NH4)2 SO4 at half-saturation as described by Semancik & Reynolds (I969). The resulting precipitate was pelleted by a lowspeed centrifuging, and dialysed for 24 h in the cold against bi-distilled water containing ~'4 x IO-2M-mercaptoethanol. The absorbancy for TRV protein was taken E°a°/°'em280 ----1.32, and the optical density ratio value R = E2Go/E28o ranged from o'5o to o.6o, depending on the preparation: contamination by residual RNA, if any, was thus very low.
Reconstitution procedure. RNA dissolved in pH 8"o, o'o2 M-borate buffer and protein in water were mixed at I °C, in the ratio I/IO by weight in the presence of Io ~ macaloid, and reconstitution buffer (generally pH 4"7, o'5 ionic strength Na phosphate buffer) was added to reach a final vol. of io ml. The reconstitution mixture was then dialysed for 2o h against reconstitution buffer at a convenient temperature, and the reconstituted material was isolated and purified as described in Table I .
Analysis of the reconstitution products
Spectrophotometric study. The spectrophotometric ratio R = E2so/E2so of the reconstituted material was evaluated before and after RNase treatment. Incubations with pancreatic RNase were performed for 1 h at 37 °C with I/~g RNase/E260. The RNase-resistant material was then sedimented by centrifuging for I"5 h at IO5OOOg, and suspended in o.o2 M-borate buffer, pH = 8.o. The yield of reconstitution a was estimated by the ratio amount of reconstituted nucleoprotein a:
theoretical amount of nucleoprotein calculated from the input of limiting component
Equilibrium density sedimentation. The density of the reconstitution products was measured by isopycnic sedimentation on a linear CsC1 gradient; 1-25 ml of reconstituted virus in pH 8.o, o-o2 M-borate buffer (ultracentrifuge pellet) was mixed with 3"75 ml of CsC1 in the same buffer (p = I "4o g/cm 3); virus was centrifuged in a Beckman SW 5o L rotor for 48 h at IO5OOOg. Standard virus was run simultaneously (I'2 5 ml TRV at 4mg/ml+ 3"75 ml CsCI). After centrifuging, o.2 ml fractions were collected through the bottom of the tube, and the E260 and E2so measured.
Electron microscopy. A Siemens Elmiskop 1A operated at 75 kV was used throughout this study. Native and reconstituted virus preparations were dispersed on formvar carboncoated grids, and stained with I ~ uranyl acetate, or platinum shadowed under low angle (12 °) (Kleinschmidt & Zahn, i959) Histograms of the length distribution of the particles were obtained by measuring at least 2oo to 3oo particles on micrographs at a final magnification of I2OOOO.
Biological assay. Native and reconstituted TRV suspensions were assayed on the local lesion host Chenopodium hybridum (L.) using a Latin-square inoculation scheme in which at least eight half-leaves for each suspension were used. The local lesions were counted 3 days after inoculation. Purified long particles also induced lesion formation when inoculated onto this hypersensitive host (S~nger, ~968) . 8-o Semancik & Reynolds (I969) reported reconstitution ofTRV (C isolate) when its isolated components were mixed in a RNA to protein ratio = I/5 (by weight), followed by successive dialysis against o'25 M-glycine buffer, pH = 8.0, at 9 °C, and then o.I M-phosphate buffer, pH = 7"o, under which condition protein aggregates containing no RNA are not stable. They described reconstitution of both short and long particles.
RESULTS
Reconstitution of TRV at pH
We have frequently attempted to repeat these experiments with the CAM strain, varying the RNA to protein ratio, the final concentration of protein, temperature, and reconstitution time, but have never been able to obtain anything other than a large quantity of material sedimenting at 36 and 45 S in the analytical ultracentrifuge, accompanied by a small peak of 83 S material (Fig. I a) . These values correspond to two-layer discs of protein (Fritsch et al. I973) , either in the free form (36 S) or possibly bound to a RNA molecule or aggre gated into limited stacks (45 S). The 83 S component could correspond to very short nucleoprotein particles.
Electron microscopy observations (Fig. I b) confirmed that the reconstituted material consisted predominantly of discs and short stacks of protein discs, and in a few particles of M. ABOU HAIDAR, P. PFEIFFER, 86 C. FRITSCH AND L. HIRTH 5o0 A, rarely accompanied by particles longer than 5oo A. The discrepancy between our results and those of Semancik & Reynolds (1969) could simply arise from the use of different strains (CAM strain in our case instead of the C isolate in theirs): indeed, the CAM isolate has been shown to have an amino acid composition significantly different from that of other strains (Miki & Okada, 197o) and constitutes a serotype by itself (Harrison & Woods, 1966 ) . Despite repeated attempts in varying the R N A to protein ratio, the final protein concentration in the reconstitution mixture, the temperature and the ionic strength of the reconstitution buffer, long particles were never obtained at p H 8-0 in glycine buffer, and intermediate forms between 500 and zooo A were rarely obtained as judged by electron microscopy observations. Finally, no RNase resistant material could be detected by biological assay, thus proving that the infectivity of the reconstituted material corresponded to incompletely coated long particles. The failure of these attempts led us to reinvestigate the conditions favouring reassembly of TRV by establishing which step of the in vitro morphogenesis process of the long particles was hindered under these conditions.
Reconstitution of TRV as influenced by pH, temperature and ionie strength
Recently, Butler & Klug (197I) have shown that in the case of TMV, a 2o S disc aggregate of TMV protein was required for the initiation step of the reconstitution. Whether the same 2o S aggregate and/or the 4 S protein aggregate is implicated in the elongation process is still under discussion (Butler & Klug, I97I , I972; Okada & Ohno, I972; Richards & Williams, 1972) .
The phase diagram of TRV protein has been described by Fritsch et al. 0973) , who showed by means of electron microscopy and analytical sedimentation that TRV protein aggregates into discs sedimenting at 36 S in buffers of ionic strengths ranging from o-oI to 0"4 between p H 4"7 and 5"0, and from o.o~ to r-o between p H 5"0 and ~o.o. These authors showed that the 36 S disc consisted of two layers of protein, and had a structure similar to that of the 2o S aggregate of TMV protein described by Butler & Klug 097I) .
Most of the TRV protein is in a dissociated state (z to 4 S) below p H 4"7, and a certain amount of dissociated protein was always found in equilibrium with the 36 S aggregate at ionic strengths higher than o-L Finally, TRV protein was found to exist predominantly a the 36 S form at pH 8.o in o'25 M-glycine buffer, which is the condition described by Semancik & Reynolds (I969) for TRV reconstitution. Consequently, we examined the possible implication of the 36 S aggregate in the initiation process by incubating a mixture of T R V -R N A (5o #g in r ml of suitable buffer) with TRV protein in the 36 S form (I mg in ~ ml of water) at 2o °C for a few minutes.
Electron microscopic observations (Fig. 2) showed that at any pH value between p H 4"5 and 8.o, in buffers of ionic strengths ranging from o.oi to x-o, regardless of the temperature between o °C and 25 °C, most of the R N A molecules had bound within 5 min to a protein disc at one end; neither two tailed discs, nor R N A molecules with a disc at both ends were seen, suggesting that the 36 S aggregate was required for the initiation step of the reconstitution process. A further implication of these observations is that the in vitro Fig. 4 . Analysis of the reconstituted material on a CsCI density gradient. TRV-RNA and TRVprotein were mixed in the ratio I to to and incubated at i °C in o'5 M-phosphate buffer, pH 4"7 for 2o h. The reconstitution products were purified as described in Table I , resuspended in I "25 ml o.o2 M-borate buffer, pH 8.o, and mixed with 3"75 ml of CsCI in the same buffer (p = t "4). The mixture was centrifuged for 24 h in a Beckman SW 5o rotor at Io5 ooo g, and the gradient was fractionated through the bottom of the tube into o.2 ml fractions. The arrow indicates the banding level of standard TRV. The 36 S aggregate was shown to form and dissociate in the pH range 4"5 to 5"o: this implies that some side chain groups of the a m i n o acids in the T R V protein subunits are titrating in this p H range, presumably acting as a switch to aIIow a transition from the dissociated to the aggregated state. This led us to concentrate on the effects of this p H range on reconstitution.
Reconstitution of short and long TRV particles
Total T R V -R N A was mixed with T R V protein in the ratio ~/IO in p H 4"7, o'5 ionic strength (I) phosphate buffer (at this pH, the ionic strength of phosphate buffer equals its molarity), and incubated for 20 h at I °C. The reconstituted material was pelleted and analysed as described in Methods.
Spectral properties
The EzGo/E2so ratio value R of the reconstitution products was I'9o, indicating the presence of considerable unencapsidated R N A . U p o n RNase treatment, this value decreased to 1.2o, which is characteristic for T R V nucleoprotein. 
Analytical sedimentation
Reconstituted material treated by RNase gave rise in the analytical ultracentrifuge to a continuous pattern of sedimentation, indicating that all states of reconstitution were present (Fig. 3) . However, three faint peaks could be distinguished, with S2o, w values of 52, 145 and 245 S, respectively. The first value corresponds to very short particles, and the two others to short (5oo/~) and long (2ooo A) TRV particles, respectively.
Isopycnic sedimentation
The buoyant density of reconstituted material before RNase treatment and of original virus were compared by equilibrium sedimentation on a CsC1 gradient. Fig. 4 gives the extinction obtained. The reconstituted material banded at the same level as native virus, but displayed a marked shoulder towards high density values characteristic of incompletely encapsidated RNA.
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Electron microscopy
Examination of negatively stained preparations of reconstituted TRV (Fig. 5 ) confirmed the existence of both short and long particles, together with a continuous series of intermediates. This was confirmed by observations of platinum shadowed preparations: RNA strands were seen protruding from nucleoprotein rods of varying lengths (see Fig. 6 ).
The histograms derived from negatively stained preparations of reconstituted TRV (Fig. 7) show the existence of some discs 0 2 ~ of the total wt. of reconstituted material) together with 5oo/k and 2ooo/k particles, and of a great number of particles with lengths ranging from 5oo to 2ooo A. Optical diffraction analysis showed that the surface lattice and the morphology of reconstituted TRV particles were essentially the same as those of original TRV. 
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Biological activity
The existence of completely coated long particles in reconstituted TRV suspensions was checked by inoculation to hypersensitive plants after RNase treatment. Table 2 shows that for the same concentration of nucleoprotein inoculated (5/~g/ml), native TRV induced about IO-to 2o-fold more lesions than reconstituted TRV after RNase treatment. This indicates that some complete 20oo A particles (which induce lesion formation) are present in the reconstituted virus, but that most of this material consists of intermediary reconstitution forms as shown by electron microscopy (see Fig. 7) Apparently, the reconstitution of the short (5oo A) particles proceeded much more easily than that of long (20oo A) particles. However, incompletely encapsidated particles with a 500 A long nucleoprotein moiety, which are intermediate reconstitution forms, cannot be distinguished from genuine 5o0/k nucleoprotein particles on negatively stained preparations. This led us to investigate the respective affinities for TRV protein of the two RNA species extracted from the short and long particles of TRV. 
Reconstitution of TRV protein with the RNA extracted from short and long particles
One batch of TRV was run on a sucrose density gradient in the zonal rotor. Figs. 8A and B show that the short particles obtained in this way were nearly pure, while the long particles were still slightly contaminated by short ones and some rare fragmentation products.
RNA was extracted from these particles and allowed to reconstitute as previously described. Fig. 8 C shows that reconstitution of RNA extracted from 5oo A particles resulted in the formation of short particles together with a large number of discs. On the contrary, few discs were present when RNA from long particles was reconstituted with TRV protein: under these conditions, intermediates of reconstitution were mostly formed, together with some complete 2ooo A particles (Fig. 8 D) . When the reconstituted material arising from reassociation of TRV protein with the RNA extracted from long particles was inoculated to hypersensitive plants after RNase treatment, its specific infectivity turned out to be five-to tenfold lower than that of the original suspension of long particles, although the latter contained at most 3 times more 2ooo A particles (by wt.). This confirms the results already described in Table z for total TRV-RNA, and proves that many apparently complete particles were not properly terminated and/or that some gaps can exist along the nucleoprotein rod, as demonstrated for TMV when reconstitution is performed under certain conditions (Lebeurier, Longchampt & Hirth, I973) .
However, the yields of reconstitution were always low (in the range of 8 to 15 ~o): this was mainly due to incomplete encapsidation of a great part of the virus RNA, as shown by the high spectrophotometric ratio after the first ultracentrifuging, and by the series of intermediates of reconstitution detected by electron microscopy.
This led us to try to improve the experimental conditions for TRV reconstitution by analysing systematically the various factors which could influence the reconstitution process.
As already stated, the initiation step does not seem to be very critical, since binding of RNA to a 36 S protein disc takes place over a wide range ofpH, ionic strength and temperature: the rate limiting step must thus be the elongation process, which can be dependent on pH, ionic strength and temperature.
Influence of the temperature on TRV reconstitution
As Semancik & Reynolds (1969) reported to have increased the yields ofTRV reconstitution at pH 8.0 by lowering the temperature, the effect of temperature on reconstitution performed under our conditions was systematically investigated.
For this purpose, three samples of RNA in pH 4"7, o'5/phosphate buffer and protein in water were mixed in pH 4"7, o'5 I phosphate buffer in an ice bath in the presence of macaloid to avoid RNA degradation by possible contaminating nucleases, and were either transferred after 3o min to IO and 20 °C, or kept in the ice.
Reconstitution was allowed to proceed for 6 h at each temperature, and samples of each were observed in the electron microscope. Discs and rods were observed at any temperature tested, but the length of the nucleoprotein rods increased with decreasing temperatures.
It is possible that at least some of the reconstitution products observed at IO and 2o °C were formed during the 30 min incubation in ice. To check this point, RNA and protein were pre-incubated separately at each temperature before mixing, and reconstitution was performed for 6 h at the same temperature.
The histograms presented in Fig. 9 show no ambiguity: at i °C short particles together with intermediary forms of morphogenesis of long particles were found whereas only a few short particles could be seen at IO °C and no elongation proceeded at 20 °C, because the only material observed consisted of discs which were mostly bound to RNA molecules as shown by observation of platinum-shadowed preparations.
Influence of ionic strength
Once it was established that good reconstitution conditions were low temperature at pH 4"7, the influence of the ionic strength on the efficiency of reconstitution was studied. For this purpose, reconstitution was performed in phosphate buffer at pH 4"7 with I = o.z, o'4 and o.6, respectively. The RNA/protein ratio was I to IO and the reconstitution mixture was incubated for 2o h at I °C. 
DISCUSSION
The general rules of construction of helical viruses apply to tobacco rattle virus. However, the detailed analysis of the in vitro morphogenesis of TRV led to some unexpected results, the major surprise being the low temperature required for elongation to take place: indeed, while spherical viruses are generally reconstituted at low temperature, reconstitution of helical viruses proved to require higher temperatures, e.g. 3o °C for TMV (FraenkelConrat & Singer, I959) and for BSMV (Atabekov et al. I97O ) .
The initiation step took place under a wide range of temperatures, compositions and ionic strengths of the buffer, this is a reflection of the stability of the 36 S two-layer disc of TRV protein, which in the presence of RNA might undergo a conformational change similar to that proposed for TMV protein discs (see the 'lockwasher' model of Durham, Finch & Klug, I971 ) , thus being able to recognize the initiation sequences of the RNA molecules corresponding to the short and long particles of TRV.
This assumption could explain the failure of attempts to reconstitute the CAM strain of TRV at pH 8.0 in 0"25 M-glycine buffer, at 9 °C: under these conditions, the elongation process does not take place, either because the 36 S aggregate does indeed play a role in the elongation process, but does not undergo the configurational change required to become active, or because elongation takes place by stepwise addition of another discrete TRV protein aggregate which does not exist under these conditions of pH and ionic strength. The differences in amino acid composition between the CAM strain and the C isolate could induce a shift of the range of existence of the different protein aggregates, so that sufficient amounts of the aggregate required for elongation would be present in the conditions described by Semancik & Reynolds (i969) to allow at least partial reconstitution of the C isolate of TRV.
An alternative explanation of these phenomena could be that binding of the RNA molecule to a two-layer protein disc does not proceed by a 'sandwiching' of tile RNA between the two turns of the disc, but by a simple coiling of the nucleic acid into the groove of the upper turn of the 36 S aggregate. In this case, no 'lock-washer' intermediate would be required for initiation, but the absence of dislocation of the stable disc renders the elongation process impossible.
Whatever the mechanism of initiation is, the problem of the specificity of the recognition sequence arises: indeed, TRV contains two or even three different types of particles (the C isolate used by Semancik & Reynolds contains three types of particles). As some characteristic ratios exist between the numbers of particles of each type, one has to suppose that their respective morphogenesis must proceed with the same efficiency. In other words, the initiation sequences must be identical for each type of RNA, and some nucleotide sequences must then be repeated.
On another hand, different initiation sites on the short and long RNA molecules would certainly lead to a differential affÉnity of the short and long RNA molecules for a protein disc: this is a tempting hypothesis to explain the differences in yields of short and long particles upon in vitro TRV morphogenesis; but as can be judged so far from the preliminary results of our observations, the initiation step seems to proceed quantitatively, i.e. each RNA molecule, whether corresponding to a short or a long nucleoprotein particle, interacts with a 36 S protein disc provided that the initiation site is intact. On the contrary, the elongation process seems to be a much more refined process, very sensitive to changes in ionic and thermal environment conditions. Without prejudging of the results of further work, we suspect that dissociated protein is involved in growth of the nucleoprotein rod: indeed, reconstitution takes place only when some 4 S protein is present, either at sufficiently high ionic strength at pH 4"7, or at pH 8.o. That the elongation process is more efficient for the CAM strain at pH 4"7 than at pH 8.o in o'25 M-glycine buffer might be explained by the fact that there is an abrupt transition from the dissociated to the aggregated state in the range pH 4'5 to 5"o, which favours the co-operative process of helix formation in the presence of a molecule of RNA.
On the other hand, the equilibrium existing at pH 8.o between the aggregated and the dissociated state favours the stable 36 S aggregate at the expenses of the active 4 S protein, which results in poor efficiency of the elongation process.
A striking feature in TRV reconstitution performed at pH 4"7 is that a large number of long particles are still in course of formation after long incubation periods. The kinetics of TRV reconstitu~ion is under study. But it is already obvious from our observations that the completion of morphogenesis proceeds with difficulty for long particles. No discrete length of incompletely coated particles could be detected, at variance with TMV (Stussi, Lebeurier & Hirth, I969) . Apparently, there must be an equilibrium shift back towards the lower entropy state of dissociated protein as the nucleoprotein rod grows, and possibly these particles remain for a long time in a relatively unstable state before they undergo a final rearrangement which makes them identical to native TRV. Finally, at variance with TMV reconstitution where identifying discrete initiation and elongation steps proved to be a rather difficult task, these can be clearly resolved in the case of TRV. Thus the TRV system should be very useful in the establishment of the sequence of the initiation sites of the RNA molecules giving rise to both short and long particles, since the initiation complex consisting of a 36 S disc bound to a RNA molecule can be easily prepared and isolated.
